Exosomes are nano-sized (20-100 nm) vesicles released by a variety of cells and are generated within the endosomal system or at the plasma membrane. There is emerging evidence that exosomes play a key role in intercellular communication in ovarian and other cancers. The protein and microRNA content of exosomes has been implicated in various intracellular processes that mediate oncogenesis, tumor spread, and drug resistance. Exosomes may prime distant tissue sites for reception of future metastases and their release can be mediated by the tumor microenvironment (e.g., hypoxia). Ovarian cancer-derived exosomes have unique features that could be leveraged for use as biomarkers to facilitate improved detection and treatment of the disease. Further, exosomes have the potential to serve as targets and/or drug delivery vehicles in the treatment of ovarian cancer. In this review we discuss the biological and clinical significance of exosomes relevant to the progression, detection, and treatment of ovarian cancer.
Introduction
Exosomes are membrane-enclosed vesicles released by eukaryotic cells. Their size ranges from 20-100 nm and they can be released by normal or cancerous cells [1] . Recent studies suggest that microvesicle shedding is a highly regulated process that occurs in a spectrum of cell types and, more frequently, in tumor cells. Exosomes are detected in all human body fluids, including plasma, serum, saliva, urine and ascites [2 , 3] . The composition and function of an exosome depends on its originating cell type [4] . Exosomes are particularly enriched in various tumor microenvironments [5] , which may indicate a distinctive role in cancer progression and metastasis [6] . Tumor-derived exosomes are known to be involved in chemoresistance in many cancers, including ovarian cancer [7] .
Exosomes are released in larger quantity from cancer cells (as compared to normal cells), a finding initially noted in patients with ovarian cancer [8] . Many different malignant disease sites may secrete exosomes, including breast, colon/rectum, brain, ovary [9] , prostate, lung, and bladder cancer [10] . Exosomes interact with other cells and may serve as vehicles for the transfer of protein and RNA among cells. It has been reported that exosomes are internalized by ovarian tumor cells via various endocytic pathways and proteins from exosomes and cells are required for uptake [9] . Exosomes released from tumor cells are able to transfer a variety of molecules, including those that are cancer-specific, to other cells so as to manipulate their environment, making it more favorable for tumor growth and invasion [21] . They are known to mediate important regulatory role in a variety of cellular functions including immunomodulation, differentiation and antigen presentation [11] . Moreover, exosomes have been shown to play a role in the control of tumor growth, migration, invasion, inflammation, coagulation, and stem-cell renewal and expansion [12 , 13] . In this review, we will discuss the state of the literature with respect to exosomes in ovarian cancer, with a focus on their role in tumor progression and their potential as biomarkers and therapeutic targets.
Exosomes in ovarian cancer: an overview
Ovarian cancer is the second-most commonly diagnosed gynecological malignancy, and is the leading cause of gynecologic cancer deaths among women in the United States. Each year, there are over 230,000 new cases and 150,000 deaths due to the disease reported worldwide [14] . The 5-year survival rate for ovarian cancer patients is approximately 45% [15] . The high mortality rate from this disease arises from the lack of an effective screening approach for early diagnosis, and drug resistance remains a major challenge. Platinum resistance is associated with an altered activation of cellular signaling pathways at the molecular level and cisplatin engulfed by exosomes and excreted from the cells [16] . Several research experiments have shown that exosomes are present in ovarian cancer patient's plasma, serum and ascites [4 , 17] . Exosomes released from ovarian cancer cells can be recognized and up-taken by other cells (cancer and/or stromal) to facilitate intercellular communication associated with tumor progression, metastasis and drug resistance (Fig. 1) . Further, ovarian cancer-derived exosomes have the potential for serving as biomarkers and therapeutic targets for the disease.
Exosomal protein content contributing to malignancy in ovarian cancer
A variety of proteins can be found in or on ovarian cancer-derived exosomes; a number of these proteins may play a role in malignant behavior [4 , 18] . Such proteins include membrane proteins (Alix, TSG 101) tetraspanins (CD63, CD37, CD53, CD81, CD82), heatshock proteins (Hsp84/90, Hsc70), antigens (MHC I and II), as well as enzymes (phosphate isomerase, peroxiredoxin, aldehyde reductase, fatty acid synthase). These proteins are either associated with or involved in ovarian tumor progression and metastasis. In addition, exosomal proteins may play a role in treatment resistance. For example, annexin A3 can be detected in exosomes released from cisplatin-resistant cells; increased expression of the protein is associated with platinum resistance in ovarian cancer cells [19] . Such findings highlight a number of different ways in which the protein cargo of ovarian cancer exosomes could contribute to the biology of the disease. However, further research is needed to fully delineate the influence these proteins have over the malignant activity of ovarian cancer.
Exosomes interact with other cells and may serve as vehicles for the transfer of protein and RNA among cells [20] . Proteins transferred in this manner by tumor-derived exosomes may impact distant cell signaling or alter the tumor microenvironment in a way that promotes malignant growth and invasion. As an example, cancer exosomes can contain proteins that inhibit caspase activation and promote tumor proliferation, survival, and invasion [21] . Through exosomes, cancer cells may exchange functional signaling components (proteins) with other cells.
MicroRNA in ovarian cancer exosomes
MicroRNA is a small, non-coding RNA molecule that exhibit specific regulatory functions in cellular proliferation, differentiation, signal transduction, immune response, and carcinogenesis [22 -24] . Pre-microRNA transcripts are synthesized by RNA polymerase II and processed consecutively by Drosha and Dicer endonucleases to form mature microRNA. Post-transcriptionally, microRNAs form imperfect base pairs with the 3' untranslated region of mRNA. In doing so, microRNAs inhibit protein synthesis by repressing translation or degrading mRNA via the RNA-induced silencing complex (RISC) [24 , 25] .
Cancer represents a state of cellular stress associated with a dependence on stress-induced signaling pathways [26] . The resulting activation of pro-survival and mitogenic pathways provides an opportunity for microRNAs to impact specific oncogenic or tumor suppressor phenotypes that are crucial for the progression or repression of cancer. However, microRNA expression has been shown to vary between various cell types and various cancers, making it difficult to identify canonical pathways for microRNA oncogenesis or tumor suppression [27] . Identification of microRNA dysregulation in the setting of specific cancers may have the potential to aid in clinical diagnosis, treatment, and monitoring of progression [28] .
It has been shown that exosomal microRNA contains specific nucleotide motifs that serve as signal sequences for the sumoylated RNA-binding protein hnRNPA2B1. This, in turn, allows for specific microRNAs to be sorted into exosomes in T cells [29] . The regulation of exosomal microRNA sorting is dependent on two factors: the abundance of microRNAs and the relative amount of endogenous mRNA targets of the microRNAs. Highly abundant microRNAs are preferentially sorted into both multivesicular bodies (MVBs) and exosomes. However, relative increases in the amount of endogenous target mRNA cause a "sponge" effect, where miRs localize at RNA targets and are thus excluded from the exosomal compartment [30] .
Researchers have started to explore the association between exosomal microRNAs and their impact on various malignant processes. Recent studies have shown that exosomes can transmit resistance and alter the chemo-susceptibility in recipient sensitive cells by modulating various cellular processes such as cell cycle distribution and apoptosis [16] . Exosomal microRNAs also play important roles in tumorigenesis, growth, and metastasis. MicroRNAs are small non-coding RNA molecules with various functions and because they occur in both cells and in the circulation they also affect distant cells. Their role is a hotspot in recent research as they can provide new treatment strategies for tumor and as well for the tumor microenvironment. These regulate the target genes by binding to their noncoding regions in both physiological and pathological conditions that leads to disorders.
Exosomal microRNAs have been implicated in a number of processes in ovarian cancer, including oncogenesis, tumor spread, and drug resistance (Table 1 ) [31 -34] . Regarding oncogenesis and tumor spread, miR-21 has been shown to target the tumor suppressor PDCD4 in serous ovarian carcinoma, playing a role in malignant transformation [22] . The overexpression of miR-21 and loss of PDCD4 is maintained in exosomes from ovarian serous carcinoma effusions, potentially contributing to tumor spread [35 , 36] .
Exosomes and ovarian tumor microenvironment
Both ovarian tumor cells and their microenvironment contribute to tumor progression and metastasis. The tumor microenvironment is collection of stromal cells, soluble factors, extracellular matrix, and signaling molecules immediately adjacent to or surrounding a collection of cancer cells. Exosomes are predominantly enriched in hypoxic tumor microenvironments [37] . There is a consensus that exosomes guide the export of major types of proteins and transcription factors to the outer-cellular milieu [38] . Depending on the context, these proteins are either tumor promoters or tumor suppressors; their secretion via exosomes is expected to impact distant cell signaling or promote a niche that sustains tumor microenvironment receptive to future disease spread.
The high exosomal content of ascites seems to influence the ovarian cancer tumor microenvironment. Exosomes in malignant ascites are believed to play an important role in cell signaling and degradation of extracellular matrix proteins. Proteolytic enzymes have been isolated from exosomes, which suggests that exosomes promote ovarian cancer cell migration and invasion during metastasis [17] . MMP2 and MMP9 correlate with the gelatinolytic activity of exosomes isolated from ascites samples in patients with ovarian cancer [39] , a finding that suggests that they may enhance cell migration and invasion in ovarian tumor metastasis.
Cancer exosomes are also considered potential mediators of pre-metastatic niche formation. A pre-metastatic niche is a site, not currently involved by tumor, that has been primed for receiving and supporting the future growth of a tumor metastasis [40] . There is growing evidence supporting a role for exosomes in this malignant process. A recent study showed that exosomes contribute to pre-metastatic niches in a process dependent on CD44v6, a marker of cancer-initiating cells in rat pancreatic adenocarcinoma [41] . Exosomes have also been found to enhance VEGFR1 expression and angiogenesis in the pre-metastatic niche when shed from CD105+ human renal cancer stem cells. Moreover, exosomes can alter stromal cells and fibroblasts to create a favorable tumor microenvironment. The mRNA from glioblastoma-derived exosomes and microRNAs from exosomes of breast, ovarian, and gastric cancer such as miR 210 and the miR let7 family have shown tumor promoting effects such as angiogenesis and metastasis [17] . It has also been shown that the release of exosomes into the omental vasculature might pave the way for the tumor progression and metastasis in the setting of ovarian cancer [42] . However, the exact role by which exosomes act on distant organs to help form a niche receptive to future metastasis remains largely unknown in ovarian cancer.
Intercellular crosstalk among cancer cells as well as between cancer cells and immune and stromal cells in the tumor microenvironment plays a large role in cancer development, the establishment of the mesenchymal state, and metastasis. Exosomes play a significant role in these processes. Inducers of epithelial-mesenchymal transition (EMT) found in association with exosomes include TGFβ, TNFα, IL-6, TSG101, AKT, ILK1, β-catenin [43] , hepatomaderived growth factor, casein kinase II (CK2), annexin A2, integrin 3, caveolin-1, and matrix metalloproteinases [44] . For example, WNT carried by exosomes can act on a pathway so as to stabilize β-catenin which promotes a gene expression program that favors EMT [45] . Further, exosomal WNT can activate the release of soluble mediators such as IL-6, IL-8, VEGF, and MMP2, thereby promoting EMT in recipient cells [45] . Several other studies show that tumorderived exosomes can hijack MSCs to promote a prometastatic environment via activation of both Smad-dependent and -independent pathways. For instance, Exosomes from ovarian cancer were shown to induce adipose tissue-derived MSCs (ADSC) to exhibit the characteristics of CAFs, by increasing expression of TGFβ and activation of Smaddependent and -independent pathways.
Hypoxia-mediated release of exosomes in the ovarian tumor environment
Ovarian tumors are hypoxic in nature, and growth under these conditions is known to activate a number of cellular signaling pathways that enhance proliferation and metastatic capacity. The hypoxic niche within a tumor harbors cells that are relatively chemoresistant compared to the majority of cells in the tumor [46] . It was recently documented that hypoxia promotes the secretion of various tumor-promoting factors and exosomes that can influence adjacent tissues in the tumor microenvironment (Figure 2 ) [37] . Further, our group has noted increased exosome release in hypoxic (compared to normoxic) environments in ovarian cancer cell lines (data not yet published). Therefore, either directly targeting hypoxia or the factors promoting this important phenomenon is an emerging form of therapy under investigation. A large family of membrane receptors, tetraspanins, has been proposed to have major function in exosome formation and release. For example, expression of the tetraspanins CD9 or CD82 induces exosomal sorting and secretion of β-catenin from cells, and tetraspanins CD63 and CD81 have been shown to bind components of the exosomal sorting machinery. Late endosomes/MVBs can be triggered to fuse with the cell surface and release their intraluminal vesicles. Along with several other proteins such as Flotillin2 and HSP70, the tetraspanins CD63 and CD9 are commonly used markers for exosomes [47] . However, the mechanism of exosome formation, secretion and uptake, as well as the physiological significance of exosomal content remain to be understood.
Exosomes as biomarkers in ovarian cancer
There is currently no recommended routine screening test for ovarian cancer in average-risk women. This is problematic as, even in a well-resourced country such as the United States, the majority of women diagnosed with ovarian cancer initially present at an advanced stage [15] . Thus, there is a need to evaluate alternative methods to assist in the early detection of ovarian cancer. Exosomes could be one such method. As carriers of complex biological information from their host cells, exosomes could theoretically be utilized in non-invasive diagnostic testing for cancer.
Tumor-derived exosomes are emerging as a new type of cancer biomarker as they can be obtained in all body fluids and have characteristic features that differentiate them from noncancer exosomes [48] . Compared with biomarkers detected in conventional specimens, exosomal biomarkers provide similar or higher specificity and sensitivity attributed to their excellent stability [49] .
Multiple components of a cancer exosome have the potential to serve as a cancer biomarker. The RNA content is of special interest as bare RNA in blood is rapidly degraded, but remains stable when protected inside an exosome [50] . Exosomes released by ovarian cancer have a microRNA "signature" that is a) similar to the microRNA profile of tumor cells, and b) unique compared to exosomes isolated from patients with benign ovarian tumors [22 , 51] . Therefore, an evaluation of exosomal microRNA has the potential to be specific enough to be a diagnostic test-essentially a liquid biopsy. Of note, exosomal microRNA is experimental and has not been compared with other possible tumor-derived biosources (such as circulating tumor DNA and circulating tumor cells) for efficacy as a "liquid biopsy" [52] . Proteins contained in, or expressed on, exosomes released by ovarian cancer cells are also under investigation for use in screening/diagnosis. As an example, claudin-4 proteins are released from ovarian cancer cells via exosomes. Claudin-4 obtained from exosomes in peripheral blood was shown to be present in 32 of 63 patients with ovarian cancer and one of 50 samples from healthy controls, representing a sensitivity of 51% and a specificity of 98% [53] .
Exosomes also have the potential to serve as predictive and prognostic markers for response to treatment of ovarian cancer. For example, platinum-resistant ovarian cancer packages cisplatin in exosomes, exporting the drug from the cancer cells [54] . In addition, exosomes from platinum-resistant ovarian cancer cells were recently shown to be capable of using the microRNA miR-21-3p to induce platinum resistance in platinum-sensitive ovarian cancer cells [54 , 55] . Further, exosomes can also contribute to resistance to paclitaxel, another firstline chemotherapeutic used in the treatment of ovarian cancer. miR-433 has been shown to mediate resistance to paclitaxel in A2780 ovarian cancer cells by inhibiting apoptosis and inducing cellular senescence [56] . Finally, exosomes can bind to, and sequester, immunotherapeutic agents. As an example, HER2-overexpressing cancer cells secrete exosomes that express HER2 on their surface and can bind/sequester the anti-HER2 monoclonal antibody trastuzumab, thereby interfering with the activity of the drug [57] . It is therefore plausible that an analysis of the concentration, content, and activity of exosomes could be used as a predictive marker for response to treatment if one of these therapies is being considered.
From a prognostic standpoint, the exosomal proteins CD24, EpCAM, L1CAM, CD24, ADAM10, and EMMPRIN are associated with a poorer prognosis and/or greater likelihood of tumor progression, so may also be of value for treatment planning [4 , 39] .
While exosomes show great promise and versatility as biomarkers for ovarian cancer, there are several challenges that would need to be met prior to more widespread implementation. First, a standard method would need to be developed to consistently isolate cancer cellderived exosomes from peripheral blood and separate them from normal, physiologic exosomes. Second, the clinical application of exosomes as biomarkers in ovarian cancer would have to show a positive impact on clinical outcomes such as improved early detection, progression-free survival, or overall survival rates. Third, exosome processing and analysis would need to be significantly less costly and time-consuming. Despite these challenges, exosomes have shown significant potential as future biomarkers for ovarian cancer; further research and development is warranted in this area.
Targeting exosomes to treat ovarian cancer Attacking exosomal production and release
There are a number of options for targeting or exploiting exosomes in the treatment of ovarian cancer (Table 2 ). One such option is to block exosome production and secretion from cancer cells. Ceramide involved in production of exosomes; the sphingomyelinase inhibitor GW4869 depletes ceramide, reducing exosome formation [58] . In support of the ceramide concept, another group demonstrated that GW4869 reduced lung metastases in a murine lung carcinoma model; that result was partially reversed when cancer-derived exosomes were injected into the mice [59] . Secretion of exosomes is facilitated by H+/Na+ and Na+/Ca+ channels. Blocking those channels with dimethyl amiloride (DMA) was shown to decrease the immunosuppressive impact of exosomes and augment the antitumor effect of cyclophosphamide. In the same study, the authors found that amiloride, a drug taken for hypertension (and a derivative of DMA), also reduced exosome secretion and immunosuppressive action in patients with metastatic colorectal cancer [60] . Another potential target is the Rab family of proteins, which play a role in the biogenesis of exosomes. Inhibition of Rab27a was found to inhibit exosome secretion [61] .
Removal of exosomes from peripheral circulation
If exosomes are involved in tumor metastasis/progression, why not remove them? A hemofiltration device, the Hemopurifier (Aethlon Medical, San Diego, CA), has been developed to do just that, using a filter that contains fibers with a high affinity for exosomes [62] . When blood passes through the filter, the exosomes are selectively removed from the circulation using a dialysis-like mechanism. This could be beneficial in that there would be no risk of drug toxicity, as it is a non-pharmacological treatment. However, it is unknown whether this method will improve clinical outcomes. Other potential barriers to widespread implementation include monetary cost and the possible risk of removing non-cancer exosomes.
Exploiting exosomes to facilitate the treatment of ovarian cancer Exosome-augmented immunotherapy
Exosomes are known to stimulate the immune system. For example, exosomes induce an antigen-specific response from MHC class II T cells. Based on that finding, there has been a push to develop treatments that utilize tumor-derived exosomes as antigen-presenting entities.
Several phase I trials have evaluated the role of exosome-mediated immunotherapy in other disease sites. A phase I trial was done in which 15 patients with metastatic melanoma were vaccinated with exosomes derived from dendritic cells that had been exposed to tumor cells. The vaccine was found to be feasible and safe. A partial response was noted in one patient [63] . Another phase I trial in 13 patients with advanced non-small cell lung cancer found that a vaccine derived from autologous dendritic cell-derived exosomes was well-tolerated and associated with long-term stability of disease in some patients [64] . Further, a phase I trial of 40 patients with advanced colorectal cancer found that treatment with autologous ascites-derived exosomes, when given with a granulocyte-macrophage colony stimulating factor, was able to induce an anti-tumor response by cytotoxic T lymphocytes [65] .
Data on exosome-mediated immunotherapy ovarian cancer is scarce, but the concept is gaining traction. A group found that fusing the (typically poorly immunogenic) tumorassociated antigens CEA and HER2 to exosomes enhanced their immunogenicity in animal models [66] . At the time of this review, there is no active clinical trial involving exosomebased therapy for patients with ovarian cancer, but there is a specimen-collection study listed on clinicaltrials.gov evaluating the impact of exosomes on clinical outcomes in advanced ovarian cancer [identifier: NCT02063464].
Exosome-facilitated drug delivery
Exosomes have shown promise in improving solubility and reducing toxicity of cancer therapies. For example, incorporating curcumin (which has proven anti-neoplastic properties yet is limited by its poor solubility) into exosomes improves solubility, stability, and bioavailability of the compound [67] . Dendritic cell-derived exosomes loaded with doxorubicin and engineered to express a targeting protein were recently shown to inhibit breast cancer in vitro and in vivo, with reduced toxicity compared with native doxorubicin. Further, the anti-cancer activity of doxorubicin encapsulated in targeted exosomes was superior to that of free doxorubicin and doxorubicin delivered in untargeted exosomes [68] .
Compared to synthetic drug carriers, exosomes may be especially useful due to their endogenous origin and role in intercellular communication. However, the complexity of this modality of drug delivery may serve as a barrier to large-scale clinical implementation. Important issues to address in exosome-based drug delivery include: choice of donor cell type, what to include as therapeutic cargo (small interfering RNAs, microRNAs, and/or medications), how to load the exosomes with this cargo, what targeting peptides to use on the exosome surface, and route of administration [69] . Synthetic production of exosome mimetics, by constructing liposomes that contain only the critical components of natural exosomes, might be a way to streamline some of these issues and permit more widespread clinical use [70] .
Conclusions
The scientific understanding of exosomes' contribution to malignant progression in a variety of disease sites has recently and dramatically expanded. Cancer exosomes have the ability to induce malignant behavior in non-cancer cells, prime distant tissues for reception of future metastases, and increase resistance to therapy in treatment-sensitive cancer cells. However, many questions remain regarding exosomes in cancer. For example, the tumor environment (e.g., hypoxia) appears to influence exosome release, but the mechanisms for this are largely unknown. In addition, the impact of exosomes on recipient cells needs to be further delineated and likely varies depending on the donor and receiver cell types.
For ovarian cancer, a disease that presents at an advanced stage for the majority of those afflicted, there is a great need for earlier detection. And with recurrent disease, developing more effective, targeted therapies will be essential in improving outcomes. Exosomes have shown promise as potential biomarkers to aid in the diagnosis of ovarian cancer, and may serve as targets of anti-cancer therapy. Many challenges would need to be met prior to largescale clinical utilization of exosomes in the detection and treatment of ovarian cancer. However, their potential is exciting, and deserves further research and development.
Highlights

•
Ovarian cancer-derived exosomes play significant roles in intercellular communication.
• They impact tumor progression, metastasis, and drug resistance.
• They have the potential to serve as biomarkers, therapeutic targets, and drug delivery vehicles. Exosome release is influenced by hypoxic tumor microenvironment. In normoxic conditions, the late endosomes tend to be move and fuse with the lysosomes for further degradation and recycling. In hypoxic conditions, the late endosomes or the multivesicular bodies (MVB's) are more likely to be assigned to a secretory pathway due to aberrant lysosomal trafficking and its altered phenotype causing them to move towards the periphery and fuse with the plasma membrane releasing the intraluminal vesicles (ILVs), or exosomes. The reason for the disposition of these to the secretory or degradative pathway is unknown which may involve the lysosomes and RAB proteins regulating the endosomal trafficking. Therapies with anticancer potential that target or utilize exosomes. 
